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Abstract
At low concentrations of methanol in ethanol-methanol binary sys-
tem, the molecular interactions are seen to be uniquely complex. It is
observed that the ethanol aggregates are not strictly hydrogen-bonded
complexes; dispersion forces also play a dominant role in the self-
association of ethanol molecules. On the addition of small amount of
methanol to ethanol, the dipolar association of ethanol is destroyed.
The repulsive forces between the two moieties dominate the behavior
of the binary system at lower concentration of methanol. At higher
concentration of methanol (> 30%), the strength and extent (num-
ber) of formation of hydrogen bonds between ethanol and methanol
increases. The geometry of molecular structure at high concentra-
tion favors the fitting of component molecules with each other. In-
termolecular interactions in the ethanol-methanol binary system over
the entire concentration range were investigated in detail using broad-
band dielectric spectroscopy, FTIR, surface tension and refractive in-
dex studies. Molecular Dynamics simulations show that the hydrogen
bond density is a direct function of the number of methanol molecules
present, as the ethanol aggregates are not strictly hydrogen-bond con-
structed which is in agreement with the experimental results.
1 Introduction
Ethanol and methanol strongly self-associate due to hydrogen bonding [1,
2, 3, 4]. These primary polar liquids with C-OH group form very similar
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hydrogen bond acceptors and hydrogen bond donors and they exhibit ex-
tended network [5]. On mixing, these two liquids does not form azeotropes.
Also, methanol does not form azeotrope with water, whereas ethanol forms
an azeotrope with it. Although the binary system of ethanol and methanol is
assumed to be ideal, their behavior at low concentrations is far from ideal [6].
Vast experimental information is available concerning the dielectric prop-
erties, excess volume parameters, FTIR spectra and refractive index of binary
system of ethanol-water [7],methanol-water [7, 8], ethanol-higher alcohols [9],
methanol-higher alcohols [10], ethanol-pyrindine [11], methanol-pyridine [11],
etc. All these systems show a deviation from ideal behaviour for most phys-
ical and chemical properties at 50%. On the other hand, comparatively very
few reports are available for the ethanol-methanol binary system. Amer et.
al., found the non-ideal behavior of ethanol-methanol at low concentrations
while investigating the activity measurements of ethanol-methanol-acetone
system [6]. The current study is undertaken to understand the anomalous
behavior of intermolecular interactions of ethanol-methanol system. Dielec-
tric, FTIR, surface tension, density, refractive index and molecular dynamics
studies for this system is undertaken over the complete concentration range,
with emphasis on concentration regions where anomalous behavior in prop-
erties is seen. The excess values of molar volume and refractive index, molar
refraction and total partial pressure were determined using the experimental
values. Complex impedance Cole-Cole plots were used to study the relax-
ation mechanism in the ethanol-methanol system.
Molecular dynamics simulations were done to verify the behavior of ethanol-
methanol binary system. The structure of molecules and the number of
hydrogen-bonded molecules determined from the simulations are used to in-
terpret the the experimental results of surface tension, density, refractive
index and dielectric values relating hydrogen bond structure. It is under-
stood from the present study that the methanol molecules are responsible
for increase in hydrogen bond density and they play the role of a mediator
in connecting ethanol molecules.
2 Experimental section
2.1 Materials
Methanol and ethanol were purchased from Sigma Aldrich and Merck Em-
plura respectively. The purities of methanol and ethanol were 99.9%. The
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precision of the binary system was ±0.1mg and they were measured using a
weighing balance.
2.2 Methods
Density of the binary systems were measured by using a 25ml specific gravity
bottle, calibrated with distilled water. Surface tension of the binary systems
over the whole concentration range were measured using Rame-Hart contact
angle goniometer. Pendant drop method was used in calculating the surface
tension. The polar and dispersive parts of surface tension were calculated
using the contact angle datas. The mid infra-red spectra of the binary sys-
tems were measured by Fourier Transform Infra Red Spectrometer of Perkin
Elmer. Broadband dielectric studies were carried out using Vector Network
Analyzer with Dielectric Assessment Kit of Rhode and Scharwz. The refrac-
tive index measurements with Na light were carried out for the binary system
using Abbe refractometer which was calibrated using doubly distilled water.
All the experiments were performed at room temperature.
2.3 Computational details
The well-known structures of methanol and ethanol were first constructed
using the Avogadro package [12]. The saved input files were optimized using
the GAMESS [13] package, using an ab-initio Hartree-Fock [14, 15] with a
6 − 31G∗ basis set [17, 16]. The simulations were carried out using GRO-
MACS [18, 19, 20, 21, 22, 23, 24, 25]. Visualizations of the simulations were
obtained using the VMD software [26].
Methanol and ethanol mixtures from 0% to 100% proportion of methanol
were produced. Further details of the solution concentrations are given in
table. All the samples were subjected to energy minimization procedures,
using the steepest descent algorithm [27], with an energy tolerance of 500
kJ/mol. Any outlying molecules were manually replaced, assuring that the
concentration remain unchanged.
Following the energy minimization, the system was subjected to two equi-
libration processes. First is an NVT equilibration in which the thermostat
algorithm is used to set the temperature right. This thermally equilibrated
system is then subject to an NPT equilibration wherein the system is com-
pressed to obtain the correct density. This is done using a barostat [28] and
a thermostat algorithm [29]. We can now conclude that the system is very
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much comparable to a laboratory case.
3 Results and Discussion
Methanol is a polar molecule capable of H-bonding both with itself and with
other oxygen or nitrogen containing molecules, like water, thus making it
completely soluble in water. However, with a single methyl group, methanol
has only weak London dispersion forces with itself and with other molecules
[1].
With an increase in the alkyl chain, ethanol has an increase in the disper-
sion forces which is comparably greater than the stronger dipole-dipole and
hydrogen bonding intermolecular forces in alcohols [3]. As a result, methanol
is insoluble in alkanes, such as hexane and heptane, whereas ethanol and
propanol are completely miscible with these alkanes.
On the addition of the two liquids, there will be an expansion or contrac-
tion in volume of the mixture [30]. The volume expansion occurs when the
geometry of molecular structure is such that it does not fit one component
of molecules into the other. The steric hindrance and the loss of dipolar
association can also lead to expansion in the volume of the mixture. Volume
contraction occurs when there is an increase in chemical interaction between
the constituent molecules and if the geometry of molecular structure favors
the fitting of component molecules with each other, volume of the mixture
decreases. The contraction shows that the molecules of one component are
accommodated into the interstitials of the other component[30].
On addition of methanol to ethanol, the hydrogen bonds in ethanol ag-
gregates are disrupted by the methanol molecules. Subsequently when the
hydrogen bond strength between ethanol molecules overcomes the dispersive
interaction between ethanol and methanol, methanol molecules are encaged
by ethanol. On further addition of methanol, bridged structures of ethanol-
methanol are formed.
3.1 Density and surface tension
The experimental values of surface tension, density and refractive index plot-
ted against the concentration of methanol are shown in Figure 1. In the fig-
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Figure 1: Variation of density, surface tension and refractive index with mole
fraction of methanol
ure, region A, B and C indicates < 10%, 10% to 30% and > 30% of methanol
in ethanol respectively. Usually with the increase in hydrogen bond density,
the density of the system will increase. The surface tension is a measure of
strength of intermolecular forces and in region A, the surface tension shows
a slight increase with an addition of methanol. In region A, density (ρ) is
seen to drop dramatically with an addition of small amount of methanol
to ethanol. The decrease in density indicates the decrease in magnitude of
volume contraction on mixing of two liquids. It is also clear that, with the
addition of methanol, the dipolar association of ethanol molecules start to
break.
On further addition of methanol, the system shows a complex variation in
density and surface tension at the region B. The observed increase/decrease
in density at this region indicates the increase/decrease in magnitude of con-
traction on mixing of these liquids. In particular, a dramatic increase in con-
traction is observed at 19% of methanol concentration. This indicates that at
19% of methanol, the interaction between ethanol and methanol molecules is
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large and this leads to accommodation of methanol molecules within ethanol
aggregates. At 21%, the density drops to 0.70 g/ml indicating the decrease
in magnitude of contraction that results from the break up of interaction
between molecules by the rupture of hydrogen bonded chains and loosening
of dipole interactions. As a whole, in the region B, dipole-dipole interac-
tions and hydrogen bonding that exists in pure ethanol and pure methanol
decrease and the intermolecular interactions between ethanol and methanol
increase. This is also confirmed from the surface tension measurements.
Above 30% of methanol (region C), the density and surface tension is
constant indicating the equilibrium attained by the system. It is also clear
that with the increase in methanol concentration, the hydrogen bond density
increases.
Figure 2: The FTIR spectra for various concentration of methanol in ethanol
3.2 Refractive index
There is an non-ideal decrease in refractive index of the binary system from
1.361 to 1.327 with decrease in ethanol concentration. From the figure 1, a
decrease in refractive index is observed at region A and C that indicates that
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the polarization due to electrons is reduced with an addition of methanol to
ethanol.
In the region B (concentration range of 10% to 30%), an interesting be-
havior of refractive index is observed. It is observed that the refractive index
remains unchanged at 12% to 14%, 18% to 19% and 21% to 24% of methanol
in ethanol. This is an indication of clathrate formation ie., the formation of
open structures containing cages. The cages are generated due to the hydro-
gen bonding between the molecules of solute being added. Here the clathrate
formation is mainly attributed to the hydrogen bonding between methanol
and ethanol molecules. This also shows that electronic polarization is stable
at these concentrations.
Figure 3: Variation of dielectric permittivity with mole fraction of methanol.
3.3 Dielectric dispersion
On examining the static dielectric permittivity of the binary system, there
is an increase in permittivity with respect to the concentration of methanol
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as shown in Figure 3. In region A, the binary system doesn’t show any
variation in permittivity. On further increasing methanol concentration, the
static permittivity at region B shows a gradual increase in permittivity till
18%, a fall at 19% followed by a sharp rise at 21% of methanol. There is
no uniformity in the dielectric values unlike in refractive index. This change
clearly indicates the formation of temporarily induced dipoles and the in-
crease in corresponding dispersion interaction between the ethanol-methanol
molecules at region B. This also confirms the breaking of hydrogen bond net-
work of like molecules and formation of hydrogen bonded ethanol-methanol
bridged structures which is also reflected in the FTIR spectra. At region C,
the dielectric permittivity is observed to increase with methanol concentra-
tion indicating the formation of dipoles.
The dielectric loss is seen to drop at region B (10% to 30% of methanol),
Figure 4: Variation of dielectric permittivity and dielectric loss with fre-
quency for all mole fraction of methanol.
which confirms the polarization due to temporarily induced dipoles. The
dielectric loss for all concentrations are shown in Figure 3. The dielectric
permittivity and dielectric loss of the binary system for the frequency range
20MHz to 20GHz are shown in Figure 4.
The further analysis of measured complex permittivity is performed using
the curve fitting technique based on the Cole-Cole model. This is done to
find the relaxation time. The Cole-Cole plots of all the concentrations are
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Figure 5: Cole-cole plots for various mole fraction of methanol.
performed and are shown in Figure 5 and Figure 6. At high frequencies above
12GHz, the Cole-Cole plot of all concentration of methanol is located on the
same line. This implies that at all mole fractions of methanol in ethanol, the
relaxation mechanism is same in this frequency region. Permittivity being
on the same line at this frequency region indicates that all Cole-Cole plots
must have have the same limiting high frequency, ∞. In this region, the
relaxation laws are the same and the same dipole moment is responsible for
the observations between 12GHz to 20GHz. Both ethanol and methanol
contain OH group and the dielectric signal observed in this high frequency
region is attributed to the dipole moment of the OH groups.
At low frequencies, the Cole-Cole plots have the same shape of vary-
ing magnitudes. The relaxation at this low frequency region is associated
with the instantaneous dipoles formed and its re-orientation among the like
molecules. Deviation of some points from Cole-Cole plots is attributed to
the presence of interacting species in various concentrations.
3.4 FTIR
The hydrogen bonds in methanol are stronger than in ethanol whereas in
ethanol, dispersion forces dominate over hydrogen bonds. So with the addi-
tion of methanol to ethanol, weakening of dispersion forces take place. The
breaking up of hydrogen bond network of ethanol and formation of ethanol-
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methanol hydrogen bonds are seen as alternate red and blue shifts in the
OH stretching peak of the infra red spectra. The red shift of 8% in OH
stretching frequency at 16% of methanol manifests the strength of formation
of hydrogen bonds. The IR spectrum with respect to the molar fraction of
methanol is shown in Figure 2. The hydrogen bonds start to form between
unlike molecules and get stabilized after 30% of methanol concentration in
ethanol. Beyond 30%, as expected, the number of hydrogen bonds between
ethanol and methanol molecules increase and is shown with a red shift in the
transmittance spectra.
On deconvultion of the OH peak, three peaks of frequency 3350cm−1,
3433cm−1 and 3280cm−1 corresponding to multimers, open chain tetramers
and cyclic multimers are found. The deconvoluted spectrum for the concen-
tration of 21% of methanol is shown in Figure 6.
Figure 6: Deconvolution of O-H peak for 21% mole fraction of methanol.
The deconvulted OH peak positions are shown in Figure 7. From the
figure it is observed that the multimer peak shows alternate red and blue
shifts. This confirms the instability of intermolecular interactions with the
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Figure 7: variation of peak position of deconvoluted O-H peak with mole
fraction of methanol.
increase in concentration of methanol. This also confirms the formation of
long chain multimers composed of ethanol-methanol and ethanol molecules.
The position of the peak corresponding to the cyclic multimers seem to be at
the same frequency across the concentration range of 10% to 30% of methanol
in ethanol(region B). This attributes to clathrate formation as seen from the
refractive index measurements. The comparison of the area under the three
deconvoluted peaks is shown in the Figure 8. It is observed from the figure
that, the formation of cyclic multimers are more compared to tetramers and
pentamers.
3.5 Excess molar volume
To further confirm the role of dispersion forces in the binary system, the
excess values of properties are calculated and found that this binary system
deviates from its ideal behavior [Figure 9]. From the excess molar volume
plot, it is clear that volume increases for the concentration of 10% to 30%.
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Figure 8: Area of deconvuluted O-H peaks with mole fraction of methanol.
This confirms that the strength of intermolecular forces decreases. This is
attributed to the formation of multimer structures through dispersion forces
between the ethanol molecules, along with a hydrogen bond formed between
ethanol and methanol.
This dominant role of dispersive forces is further confirmed by measuring the
polar and dispersive parts of surface tension using the contact angle values.
Figure 10 shows the variations of polar and dispersive parts of surface tension
with the mole fraction of methanol. It is observed from the results that the
strength of intermolecular forces decreases with increase in mole fraction of
methanol. It is also found that, the dispersive forces of ethanol decreases and
hydrogen bond density increases with an addition of methanol to ethanol.
It is attributed that methanol molecules are responsible for the hydrogen
bonding since ethanol clusters are not strictly hydrogen bonded.
3.6 Molecular dynamics results
Molecular dynamics simulations were performed to study the nature of inter-
action between ethanol and methanol molecules of different concentrations,
to compare with the experimental results. The simulations were equilibrated
such that they resemble the ambient laboratory conditions.
Ethanol aggregates (multimers), ethanol-methanol joint structures, ethanol-
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Figure 9: Variation of excess values of molar volume, molar refraction, re-
fractive index and total partial pressure with mole fraction of methanol.
methanol-ethanol bridges, ethanol monomers and methanol monomers were
commonly observed structures at the various concentrations (Figure 12).
Clathrates of various sizes typically dimers to pentamers are observed
(Figure 12). As the concentration of methanol increases, the number and size
of these aggregates reduces and is shown in Figure 11. Methanol molecules,
with their stronger hydrogen bonding nature insert themselves among the
ethanol molecules, sterically hindering ethanol from forming aggregates. This
is seen experimentally in Figure 1 as the regions of constant refractive index.
The methanol molecules also act as a bridge between ethanol molecules form-
ing ethanol-methanol-ethanol structures. At concentrations close to 50%,
ethanol-methanol joint aggregates are also formed in good numbers. At
higher concentrations of methanol, ethanol molecules mainly have monomeric
forms, while ethanol-methanol joint aggregates became less in number as well.
Methanol molecules, however, do not form aggregates among themselves.
A graph plotted between hydrogen bonds per volume and percentage con-
centration of methanol (Figure 13) shows that there is a deviation from the
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Figure 10: variation of polar and dispersive parts of surface tension with
mole fraction of methanol.
expected trend at around 20% concentration. The graph shows that the hy-
drogen bond density increases with the increase in concentration of methanol.
As per the refractive index and surface tension studies, this is the concentra-
tion range where complex properties are observed. The formation of these
aggregates are proposed to be the reason for these properties.
Table 1 provides the output of molecular dynamics simulations. From the
graph it is seen that in the concentration region between 10% and 20%, the
slope of the graph is much lesser than that at higher concentration regions.
In fact in this concentration region the hydrogen bond density increases only
by 0.3nm3 while at higher concentrations, there are larger changes over a
10% change in concentration. It is clearly understood from this data that
there is a direct correlation between the number of molecules of methanol
and the H-bond density. The decreased hydrogen bond density at 17% con-
centration and similar hydrogen bond density at 16% and 18% are also noted
from the table. So, the hydrogen bond density, as per the graph, is a func-
tion of the number of methanol molecules present, as the ethanol aggregates
are not strictly hydrogen-bonded. This is in complete agreement with the
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experimental results.
Perc. of Perc. of No.of et No.of met. No.of Box volume Hydrogen
ethanol methanol molecules molecules H-bonds (nm3) bonds/(nm3)
90 10 1000 132 33.71 80.4956624 0.41879275
88 12 1000 152 38.834 77.857765 0.49878134
86 14 1000 185 50.996 84.2252341 0.60547175
84 16 1000 200 62.467 84.8753878 0.73598486
82 18 1000 226 64.118 86.8064943 0.69175572
80 20 1000 254 74.251 89.6014556 0.82868073
78 22 1000 283 97.126 64.0920729 1.51541362
76 24 1000 310 108.152 94.6536029 1.14260838
74 26 1000 350 148.882 98.7398907 1.50782018
72 28 1000 386 162.283 100.910922 1.60818073
70 30 1000 441 196.457 105.081882 1.86956111
60 40 1000 686 343.271 127.380453 2.69484832
50 50 1000 1040 555.289 160.99895 3.44902249
40 60 1000 1548 948.363 198.209334 4.784655358
30 70 1000 2321 1604.325 251.864824 6.3678588
20 80 1000 3939 3066.731 359.514916 8.53019128
10 90 1000 9072 7765.461 696.126002 11.155252
Table 1: Variation of hydrogen bond density with the concentration of
methanol
4 Conclusion
The surface tension, density, refractive index and dielectric permittivity have
been reported for the ethanol-methanol binary system. The results show dis-
tinct type of interactions leading to deviation in properties at 10% to 30%
of methanol. Complex variation in density and surface tension values is ob-
served at 10% to 30% which is attributed to decrease in dipole -dipole inter-
actions and hydrogen bonding that exists in pure ethanol and pure methanol
and the increase in intermolecular interaction between ethanol and methanol.
The FTIR results confirm the presence of multimers and tetramers rather
than dimers and monomers. Refractive index measurements show the forma-
tion of clathrates at 12% to 14% and 21% to 24% of methanol. The variation
in dielectric values at these concentrations clearly indicates the formation of
temporarily induced dipoles. Excess parameters confirmed the domination
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of dispersion forces at low concentrations in the ethanol-methanol binary
system. Molecular dynamics simulations were performed to compare with
the experimental results. It was found from the simulations that the ethanol
aggregates are not strictly hydrogen-bond constructed. It can be concluded
that methanol involves extensive H-bonding and with increase in methanol
concentration, the hydrogen bond density also increases, which agree with
the experimental results.
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Figure 11: As opposed to the lower concentrations, at 80% concentration of
methanol in ethanol as shown here, there are fewer number of aggregated
structures or clathrates.
20
Figure 12: The representations of ethanol and methanol as used in the sim-
ulations (right top corner) a) Molecules at 22% concentration of methanol
in ethanol b) The ethanol closed cage structure (clathrate) obtained at 22%
concentration of methanol in ethanol c) Pentameric open cage structure of
ethanol found commonly at several lower concentrations (< 40%) d) A firmly
hydrogen bond bridged methanol molecule, holding onto ethanol molecules
e) A very common trimeric form of ethanol
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Figure 13: Variation of hydrogen bond density with respect to concentration
of methanol
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